A Compressed Air Energy Storage (CAES) test-bed has been developed to experimentally demonstrate the energy storage concept proposed in [1] for offshore wind turbines. The design of the testbed has been adapted to the available air compression/expansion technology. The main components of the system consist of an open accumulator, a hydraulic pumpmotor, air compressor/expander, an electrical generator and load, a differential gearbox and a hydraulic control valve. These components are first characterized and then a dynamic model of the system has been developed. The objective is to regulate the output current/voltage of the generator while maintaining a constant accumulator pressure in the presence of input and demand power variations in the system. This is achieved by Proportional-Integrator (PI) control of pumpmotor displacement and field current of the generator. The stability of these controllers has been proved using an energybased Lyapunov function. Experimental results for storage and regeneration modes have been presented showing excellent performance of the system in response to power disturbances.
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Introduction
Large-scale cost-effective energy storage technologies have recently attracted significant attention from researchers [2] . This is mainly due to higher penetration of renewable sources of energy in the electric grid. The intermittent and transient nature of these energy sources can result in instability of power systems. Therefore, energy storage systems are ideal suppliers of ancillary services to provide regulations in the electric grid. Compressed air energy storage (CAES) systems have offered competitive features compared to other energy storage approaches. Large power capacity, high cycle life and fast response time have made CAES systems practical for energy storage purpose. One important feature of energy storage systems is their round-trip efficiency. The round-trip efficiency of conventional CAES systems is usually less than 50%, which is lower than batteries and hydro-pump storage systems. Therefore, increasing the round-trip efficiency of CAES systems will make them even more attractive in the market.
A novel CAES system for offshore wind turbines has recently been proposed in [1, 3] . A schematic of the proposed architecture is shown in Figure 1 . In this design, the mechanical power from the wind turbine rotor is converted to hydraulic power before conversion to electric power. The system enjoys from a hydraulic transmission for the turbine with high speed variability. The excess energy from the wind turbine is stored in the storage vessel prior to electricity generation, while the generator power is maintained at the desired value demanded by the electric grid. This allows the electrical components to be downsized. In particular, downsizing the generator will consequently improve the capacity factor of the system defined based on the generator size. Additionally, the generator speed will be regulated at a constant value that eliminates the need for costly power electronics [4] .
In this CAES system, air is comressed/expanded in a liquid piston compressor/expander (F) and high pressure (∼20-30MPa) compressed air is stored in a dual chamber storage vessel called an "open accumulator" (E) with both liquid and compressed air. Since the air compressor/expander (C/E) is the pathway for the majority of the stored energy, it is critical that it be efficient and sufficiently powerful. This is challenging because compressing/expanding air 200-300 times heats/cools the air greatly, resulting in poor efficiency, unless the process is sufficiently slow which reduces power [5] . There is therefore a trade-off between efficiency and power. Additionally, the pressure is kept constant inside the open accumulator resulting in a more efficient performance of the system components while the accumulator acts as a damper in response to high frequency fluctuations in the input power (wind turbulence) [4] .
A variable displacement hydraulic pump (B) is directly (no gearbox) attached to the wind turbine (A) in the nacelle converting wind power to hydraulic power. At the ground level, there is a tandem connection of a variable displacement hydraulic pump/motor (C), a near-isothermal liquid piston air compressor/expander (F) and a fixed speed induction generator (G) on a single shaft, all driven by the pump (B). The liquid piston air compressor/expander, the main unit for storing/regenerating energy, consists of a compression/expansion chamber filled with some porous material (F 1 ) and a liquid piston pump/motor (F 2 ) [6] . The porous material is used in addition to an optimized compression/expansion trajectory [7] and water spray to enhance the heat transfer inside the chamber to improve its thermal efficiency which has a significant effect FIGURE 1. Schematic of the CAES system integrated with a wind turbine on the overall efficiency of the storage system. This paper discusses the design, modeling, control and experimental results of a 1kW CAES test-bed built at the Fluid Power Control Laboratory of the University of Minnesota. The objective of the project is to develop the first lab-scale prototype of the CAES system proposed in [1] and investigate the performance of the system under input and demand power disturbances. The system pressure and the generator output current/voltage will be regulated at constant values in the presence of variable input power simulating the wind power, and variable electrical loads simulating the electric grid changing power demand. The rest of the paper is organized as follows. Section 2 describes the lab-scale testbed design and its differences with the original large-scale configuration. Dynamic modeling of the testbed is presented in Section 3. The controller design and the Lyapunov stability of the closed-loop system have been discussed in Sections 4 and 5. Section 6 presents the closed-loop experimental results and Section 7 concludes the paper.
System Description
The testbed consists of the following main components: a variable displacement hydraulic pump-motor, a differential gearbox, a wound-field electrical generator, an electrical load, a pneumatic compressor/expander (C/E), an open accumulator and a hydraulic control valve. The specifications of the system components are listed in Table 1 . Although most of the components have high power capabilities, the commercial compressor used has a maximum power output of 1kW of compressed air. Therefore, the performance of the rest of the components was scaled to this magnitude, resulting in a nominal 1kW testbed. A 10 gal accumulator has been used with a precharge pressure of 300 psi. The input power to the system is supplied from a hydraulic power unit at 2600 psi. The working principle of the system is simple; when the input power is higher than the demand the system works in energy storage mode and when input power is less than demand the system Figure 2 shows a schematic of the CAES test-bed. As explained before, in the original design the variable displacement pump-motors and the generator are all connected to a single shaft. Here, a fixed displacement compressor (C) is chosen due to limited options for variable displacement air compressors available in the market. Therefore, a differential gearbox was used to regain the degree of the freedom that was lost by having a fixed displacement compressor. In this case, the motor/pump, compressor and the generator (G) are connected to the differential as shown in Figure 2 . Therefore, the components do not run at a same speed and the generator speed will not be constant. However, the torques are assumed to be at the same value (considering gear ratios) dictated by the C/E. The hardware of the CAES testbed is shown in Figure 3 . A hydraulic control valve is used to change the input power into the system simulating the variability of wind power. The demand power is determined by resistive loads connected to the generator. The system inputs are the pump-motor displacement and the generator field current. A high pressure air compressor is used for the storage mode and an air motor for the regeneration mode. The hydraulic pump-motor motor drives the compressor and the generator in the storage mode, and pumps the fluid to the accumulator in the regeneration mode to keep the pressure constant.
In storage mode, the excess power is used to compress air up to 2400 psi, which is then fed into the open accumulator. The system pressure is kept constant by regulating the rate oil flows out of the accumulator. In the regeneration mode, compressed air is released from the accumulator to run an air motor (AM). Due to limitations in commercial pneumatics it was necessary to reduce the pressure from 2400 psi to a working pressure of 100 psi to run the air motor. In order to compensate for the compressor and air motor losses, a hydraulic gear motor (GM) and an Electro Proportional Flow Control (EPFC) valve have been added to the system. The compensation for compressor is linear with the compressor speed while the air motor compensation is based on the calculated power for air expansion from 2400 psi to ambient pressure. A clutch bearing is installed such that the compressor will not rotate when the system is in the regeneration mode. From here on, the combination of the compressor, air motor, gear motor and EPFC valve will be called an "air compressor/expander" as shown in Figure 2 .
It should be noted that a liquid piston C/E [6] is being developed in the group at the University of Minnesota that will replace the "Air C/E" in the next generation of the system bringing the testbed closer to the original design. This will remove the need for a differential and as a result the speed of the generator can be regulated at the grid frequency while providing the demanded power. A comparison of the CAES test-bed and original system design is summarized in Table 2 . 
Dynamic Equations of Testbed
The speed dynamics in the differential gear can be obtained as follows.
where, the pump-motor speed can be obtained from the differential speed kinematics ω pm = ω c/e +G g ω g 2 when other two speeds are known. The C/E speed ω c/e is positive in compression and negative in expansion mode. Assuming an isothermal process, the C/E torque can be written as a function of its upstream pressure and speed as follows.
where, the upstream pressure is regulated at a constant value of 2400 psi. The speed-dependency of the C/E torque is due to friction losses. The generator under study is an AC wound-field generator where its output voltage is a function of the generator speed and field current. The function ϕ(I F ) is nonlinearly dependant on I F and denotes the magnetic flux in the generator windings. The generator voltage, current and torque can be determined from the following equations.
where,Ŕ = R L + R a . The flow rate and torque of the pumpmotor are obtained as follows.
The pressure dynamics of the air inside the accumulator can be derived from the ideal gas law and an isothermal process assumption. The air volume dynamics can be determined from the mass continuity by subtracting flows going in and out of the accumulator.
where, q sp = k v P sp − P and k v indicates the hydraulic valve opening and P sp is the hydraulic supply pressure at 2600 psi.
PI Controller Design
In this section, first a transformation will be used to decouple the speed dynamics of the generator and C/E in Eqn. (1).
, where S = 1 0 a 1 is a coordinate transformation and a is a constant to be determined. ω ⊥ g is a decoupled state perpendicular to ω g . By substituting the transformed coordinates in Eqn. (1) and defining the inertia be written as follows.
By taking the derivative of the generator voltage in Eqn. (3) and
, the following can be derived.
where ϕ * = ϕ(I * F ) andφ * =φ(I * F ). From now on, the * and terms denote the equilibrium point and error values, respectively. By substituting the generator speed dynamics from Eqn.
p pm D 1 P − aT c/e = 0 in the equilibrium point, the following can be obtained for the generator voltage dynamics.
Here, we have considered a PI control law for the pump-motor displacement as
The integral term D 1 will satisfy the equilibrium point condition while D 2 is a term proportional to pressure error. More discussion on displacement control will be presented in the next section. Now, let's neglect second order terms in the above equation and rewrite it in a linear matrix from. We will consider higher order terms later in the Lyapunov stability analysis.
The idea is to select u =İ F such that both error terms will be vanishing exponentially. By considering a PI control law aṡ I F = λ pVL + λ IṼL , the closed-loop A cl matrix of the system will be obtained as follows.
where
It can be easily shown that the eigenvalues of the closed-loop A cl matrix will be negative if λ p <
. By this choice of gains the local stability of the linearized system around the equilibrium points is guaranteed.
Lyapunov Stability Analysis for PI Controllers 5.1 Lyapunov Function for Field Current Control
Considering the closed-loop matrix A cl , the corresponding positive definite Lyapunov matrix P can be obtained from PA cl + A T cl P = −αI for α > 0 that satisfies the exponential stability of the generator error system in Eqn. (13). Let's assume that P = p 11 p 12 p 12 p 22 , therefore the Lyapunov function and its derivative will be
If the PI controller gains λ p and λ I satisfy the aforementioned upper bounds, then the positive definiteness of the matrix P will be guaranteed which means p 22 > 0, p 11 > 0 and p 11 p 22 − p 2 12 > 0.
Lyapunov Stability Anaylsis for Nonlinear System and PI Controllers
The stability of the generator voltage linear error system was proved in the previous section. In this section, the higher order terms in voltage dynamics as well as the coupling between voltage and pressure dynamics will be considered and analyzed. Let's define the Lyapunov function for the system as the summation of two energy-related Lyapunov functions for the generator voltage and accumulator pressure.
After some algebra, the derivative of this function will be obtained as follows.
where, c 0 =
> 0. By appropriate selection of α, β and K p the higher-order and coupling terms can be dominated and the exponential stability of the system is guaranteed. For the generator current control all the above discussion holds as well only by substituting
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Closed-loop Control Implementation and Experimental Results
For the system data acquisition and control, an Advantech PCI 1716-AE DAQ board has been used. Real-Time Windows Target (RTWT) has been employed to communicate with the board and interface with Simulink/MATLAB. The measurements are processed in the Simulink model and the controllers are implemented based on the filtered feedbacks from the accumulator pressure and generator rms current/voltage. The generator AC current is measured by a CSLT Honeywell halleffect current sensor. The generator voltage is first converted to a low voltage signal using a transformer and a voltage divider and then measured by the board. The generator field current and pump-motor displacement are commanded from computer using current driver circuits. The pump-motor and accumulator flow rates and directions are obtained from AW-Lake gear flow meters and sensors. The accumulator pressure is measured by a MLH03KPSB01A Honeywell pressure transducer. The pumpmotor speed is measured by a HB6M-1024-750 US-Digital optical encoder and the generator speed is obtained from the AC voltage signal.
The control objective is to regulate the accumulator pressure at 2400 psi meanwhile providing a constant generator output in the presence of variations in input and/or demand power in the system. In order to cover a wider range of demand power low and high power regions are considered for the generator control. In the low power region, the current is regulated at a constant value and power increases by increasing the resistive load. In the high power region the voltage is kept at a constant value and power increases as the resistive load drops. Figure 4 shows how voltage, current and power change vs. each other in low and high power regions of operation. A single constant voltage region cannot be obtained in the system since in the low power region the output current must be low. This requires a relatively low torque on the generator which is not possible to attain because of the minimum torque dictated on the system by the compressor. Figure 5 illustrates the closed-loop response of the system when the input power to the system is changing from 2500W to 3200W, and the generator current is regulated at 12A and the accumulator pressure at 2400 psi. The electrical load is constant at 7Ω corresponding to the corner point power of 1008W in Figure 4 . The generator output power is determined from
. The pump-motor displacement, the generator field current and the input power are also depicted. Figure 6 shows the closed-loop performance of the system in the presence of variable electrical loads from 660W to 1600W. The input power is fixed at 3200W. The input power is calculated from P in = q sp ∆P pm , where ∆P pm is the pressure drop across the hydraulic pump-motor. The generator current is firstly regulated at 12A corresponding to the low power region. In the high power region, the voltage is regulated at 84V and the steady-state currents will match with the values shown in Figure 4 . The closed-loop system response in the regeneration mode in the presence of input and demand power variations is shown in Figure 7 . In this experiment, the regeneration power is approximately constant at 300W. The difference between the sum of the input and regeneration powers and demand power is wasted through the inefficiencies in the system. In summary, the closed-loop performance objectives are met in both storage and regeneration modes in the presence of input and demand power disturbances in the system. However, it should be noted that in both storage and regeneration modes there exist infeasible operating regions due to mechanical limitations in the system. For example, in high input powers and low power region of the generator the compressor speed can exceed the allowable speed of 2250rpm or the inefficiency of the generator in low field currents impedes high electrical power outputs in low input powers.
Conclusions
This paper presented a CAES testbed designed and built based on the concept proposed in [1] . The system design was adapted to the available compression/expansion technology. The system architecture and dynamic model were discussed. PI controllers were considered to command the pumpmotor displacement and the generator field current to regulate the open accumulator pressure and the generator output current/voltage in the presence of input and demand power variability. The Lyapunov stability of the closed-loop system with PI controllers around equilibrium points was analyzed and proved. The closed-loop experimental results for different feasible operating regions of the system were presented showing excellent performance of the prototype in response to power disturbances in both storage and regeneration modes. The next generation of the system is being developed in the group using a liquid piston compressor/expander and a variable displacement water pump to solve the practical issues discussed in the paper.
